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Arc ablationA Cu-Cr2AlC composite material is prepared by low-temperature hot-press sintering and the electrical
properties of the composite material are discussed in this paper. The phase composition and microstruc-
tures of the synthesized composites were characterized by X-ray diffraction (XRD) and scanning electron
microscopy (SEM). The Brinell hardness and conductivity were tested by Brinell and conductivity testing
machines. The arc erosion properties and surface morphologies were tested by a vacuum electric break-
down testing machine and laser scanning confocal microscopy. The results show the Cu-Cr2AlC compos-
ite performs best with a Cr2AlC volume fraction of 20%, at this volume fraction, the hardness and
conduction rate are 94.3 HB and 41.93%, respectively, and arc erosion ability of the composite has the
best. It also has the lowest ablation crater depth, a small area, and a low breakdown-class ablation pit
density.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Copper is an excellent thermally conductive material. However,
its low strength, poor wear resistance, and tendency to deform at
high temperatures make it unsuitable for use in modern aviation,
aerospace, machinery, and other fields. Compared to metals and
polymers, traditional ceramic materials have many advantages,
such as high temperature, corrosion, and oxidation resistance, high
strength, and so on [1–4]. Ceramic materials are especially useful
in high-temperature and highly corrosive environments, but they
tend to be brittle, with low toughness, and they are difficult to
machine. Thus, combining the excellent characteristics of both
ceramics and metals has become a goal of material scientists. In
recent years, a new type of ceramic–metal three-layered com-
pound has received extensive attention. This three-layered com-
pound exhibits good heat conduction at room temperature, with
low hardness, high elastic and shear modulus, and good mechani-
cal processing, and they exhibit plasticity under high tempera-
tures. At the same time, they have high yield strength, high
melting points, good thermal stability, and excellent antioxidation
performance, thus exhibiting the excellent properties of ceramic
materials. As a lubricant, these compounds are even better than
graphite and MoS2. The compounds can be expressed as Mn+1AXn
[5] (M represents transition elements, A represents third or fourth
main group elements, X represents C and N, and n = 1, 2, 3).Depending on the n value, Mn+1AXn can be divided into M2AX1-,
M3AX2-, or M4AX3-type compounds whose main difference is that
A separate octahedral different number of layers [6]. Typical tern-
ary Cr2AlC-layered compounds have the characteristics of both
metals and ceramics, such as high hardness, conductivity, thermal
conductivity, oxidation resistance, heat stability, and wear resis-
tance [7–12], making them ideal materials for reinforced Cu matrix
composites. In a MAX phase-strengthening Cu matrix composite
study [13–15], the bigger the difference in coefficients among Cr2-
AlC, which had a thermal expansion coefficient close to that of
metal Cu, MAX compounds and other metal Cu thermal expansion
coefficients, the better the Cu matrix composite.
A Cu-Cr2AlC composite material comprising Cr2AlC powders
with high-purity Cu was prepared by a hot-press sintering process,
and we investigated the hardness, electrical conductivity, electric
breakdown behavior, and voltage resistance strength of the com-
posite. We also studied the effects of different Cu-Cr2AlC compos-
ite contents on the microstructure and electrical properties of the
composite material in order to provide evidence-backed guidance
for developing new types of Cu matrix composites.
Materials and methods
The Cu-Cr2AlC composite was prepared by hot-press sintering
of Cu powder (grain size: 75 lm, purity >99%) and Cr2AlC powders
(grain size: 75 lm, purity >98%). The powders were mixed using a
certain mass ratio in a resin tank using planet-type ball mill pow-
der mixing, with a ball: mass ratio of 5:1 and a speed of 150 rpm
for 2 h. The mixed Cr2AlC and Cu powder were then placed in a
Fig. 1. XRD patterns of Cu-Cr2AlC composites with different Cr2AlC contents (a)
10%, (b) 20%, (c) 30%, and (d) 40%.
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H
10  8 mm green compacts. The
pressing pressure was 300 MPa and the holding time was 2 min.
After drying the sample under argon gas in the hot-press furnace,
the samples were heated to 700 C at a 10 C/min heating rate
for 2 h. The samples were then cooled in the furnace to room
temperature.Fig. 2. Microstructures of Cu-Cr2AlC composites with differenThe phase constituents of the samples were determined by X-
ray diffraction (XRD) patterns exposed by an X-ray diffractometer
(D/max-Rc, Japan) with Cu Ka radiation and a Ni filter. Using scan-
ning electron microscopy (Philips XL30ESEM-TMP, Holland) the
morphology of the composite material was observed. A Brinell
hardness tester (Jinan HB-3000, China) was used to test the sam-
ples’ hardness at an experimental load of 250 kg and a dwell time
of 30 s. The conductivity of the samples was measured at room
temperature using an eddy current conductivity meter (Beijing
FQR-7501, China). Vacuum electric breakdown (homemade equip-
ment) experiments were also conducted. Using confocal laser
scanning microscopy (Olympus LEXT-OLS4000, Japan), we
observed the samples after 100 times of arc erosion, the three-
dimensional morphology, characterization of the sample center
area erosion degree of ups and downs of ablation of composite
materials.Results and discussion
Phase analysis
In order to investigate the composition change of the material
phase in the sample structures, XRD measurements were carried
out in Fig. 1. The Cr2AlC-phase diffraction peak disappears and
the Cu diffraction peaks are slightly skewed, indicating the forma-
tion of a Cu(Cr, Al) complex alloy phase in Fig. 1(a) and (b). Fig. 1
(c) and (d), there show Cr2AlC and Cu phases. Although the content
of the Cu phase is greater than that of the Cr2AlC phase, the raw
materials and mixing ratios are consistent.t Cr2AlC contents (a) 10%, (b) 20%, (c) 30%, and (d) 40%.
Fig. 3. Relationship among hardness, conductivity, and Cr2AlC volume fraction of
Cu-Cr2AlC composites.
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The Cu-Cr2AlC microstructure of the composite material is pre-
sented in Fig. 2. As shown in the figure, the Cu-Cr2AlC composite is
composed of three phases. In Fig. 2(a), on the copper substrate, theFig. 4. Morphologies and EDS patterns of Cdark arrow labeled A points to Cr2AlC, and the white rectangle
labeled B shows black particles of aluminum oxide. Fig. 2(b)–(d)
show significantly larger Cr2AlC particles with agglomerated parti-
cles and a few cracks in the particles. The agglomeration of the par-
ticles becomes more serious with increasing Cr2AlC content.
Because Cr2AlC comprises hard ceramic particles separated by
the copper matrix, there are significant differences in the mechan-
ical and physical properties and poor wettability; at a low temper-
ature of 700 C, the sintering interface reaction is weak. The
increasing number of Cr2AlC phase particles increases the number
of interfacial sites, which in turn increases the number of cracks
and holes. Thus, there is a greater opportunity to reduce the mate-
rial density, which will affect the overall performance of the
material.
Conductivity and hardness of Cu-Cr2AlC composites
The relationship between the Cu-Cr2AlC hardness and electrical
conductivity of the composite material with increasing Cr2AlC
volume fraction is presented in Fig. 3. As shown, the hardness
of the composite initially increases with increasing
Cr2AlC enhancement-phase volume fraction. As the Cr2AlC
enhancement-phase volume fraction increases from 10% to 20%,
the hardness of the composite increases significantly. When the
Cr2AlC volume fraction reaches 30%, the hardness is 94.3 HB, at
which point the hardness somewhat levels off. When the volume
fraction of Cr2AlC reaches 40%, the hardness of the composite
begins to decrease. The conductivity continuously decreases with
increasing Cr2AlC volume fraction. By the Orwan reinforcementu-Cr2AlC composite broken first time.
Fig. 5. Cu-Cr2AlC composite discharging curves for different volume fractions of Cr2AlC.
792 X.-s. Wang et al. / Results in Physics 6 (2016) 789–795mechanism [16], the hardness of the second-phase particles
increases because of the increased content of the second phase.
When enhancing the Cr2AlC enhancement phase of the copper
matrix, the presence of enhanced phase particles can effectively
restrain copper grain growth, resulting in copper grain refinement
and improvement of the strength and hardness of the Cu-Cr2AlC
composites. Again, for particle-reinforced composites, the Cr2AlC
enhancement phase between particles and the copper substrate
results in greater differences in terms of mechanical and physical
properties; the areas around the particles will produce high-
density dislocations and residual stress.
With further increases in the Cr2AlC content, particle agglomer-
ation becomes very serious, as can be seen in Fig. 2(c) and (d). Cr2-
AlC enhancement-phase particles hinder densification of the
material under the same preparation conditions. The Cu-Cr2AlC
composites show increased porosity and cracks, which affect the
Cr2AlC particle-enhancement effect. The conductivity decreases
with increasing Cr2AlC content because the Cr2AlC conductivity is
small relative to that of the Cu matrix, and with increasing Cr2AlC
content, the Cu content decreases in the corresponding matrix,
freeing electrons to join the Cr2AlC particles. This destroys the
mesh structure of the copper matrix, increasing the geometric
interface of the material and increasing the amount of Cr2AlC. Thus,
damage to the interface increases, leading to a decrease of electri-cal conductivity. In addition, as the Cr2AlC content increases, the
reunion phenomenon becomes more serious, reducing the density
of the composite. Pores are not conductive, and thus the conductiv-
ity of the composite material will decrease.
Cu-Cr2AlC electric breakdown performance of the composite material
To determine the arc erosion area and constituent element,
electrical breakdown tests of four samples with Cr2AlC volume
fractions of 10%, 20%, 30%, and 40%, respectively, were conducted.
Fig. 4 shows that the composite material with a Cr2AlC volume
fraction of 10% is in the shape of a diamond after at 8 kV voltage
breakdown. It can be seen from the diagram that the sample break-
down spot has an area of uniform distribution with some smaller
ablation holes. The white area around the breakdown spot was
caused by the cathode spots. The heat generated by the arc breaks
down the metal melt, causing splashing, as seen in Fig. 4(b). Fig. 4
(c) shows that the pitting corrosion contains mostly Cr and Al in an
atomic ratio of approximately 2:1. Thus, the first breakdown phase
of the Cu-Cr2AlC composite material is the Cr2AlC phase. Although
the Cr2AlC volume fractions were 10%, 20%, 30%, and 40%, energy
dispersive spectroscopy (EDS) analysis showed different Cr2AlC
volume fractions of the Cu-Cr2AlC composites, and the breakdown
occurred in the Cr2AlC phase. As shown in Fig. 4(a), the breakdown
Fig. 6. Voltage withstanding stress of Cu-Cr2AlC composite for different volume percentages of Cr2AlC: (a) 10%, (b) 20%, (c) 30%, and (d) 40%.
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Cr2AlC particles and the reunion phenomenon. With the diffuse
distribution of Cr2AlC in the copper matrix, when the Cr2AlC gran-
ules break down, arcing in the puncture site will produce a lot of
heat, and melting and evaporation of the copper matrix around
the spill will occur. As shown in Fig. 4(a), the patterns of two spots
in the breakdown splash zone were scattered. Fig. 4(d) shows that
the melted area mainly contains Cu.Closure of Cu-Cr2AlC composites value and arc life
The corresponding current chopping value for intercepting
value of IC, the corresponding time as sc in the arc. The arc life is
relatively short, and the difference is small, generally between
0.8 and 0.9 ms, as shown in Fig. 5. Compared to the pure Cu mate-
rial, the intercepting value of the composite material with added
Cr2AlC particles decreases significantly, and the arc time also
greatly decreases. With a Cr2AlC volume fraction of 10%, the cur-
rent curve displays some high-frequency noise signals with
decreasing vacuum arc current. The vacuum arc cannot continu-
ously burn at this stage as it has become less stable, eventually
leading to the current phenomenon of truncation. With increasing
Cr2AlC volume fraction and decreasing current, the discharge curve
is smooth and the oscillation frequency decreases, indicating that
arc burning levels off. Significant movement on the surface of thematerial, more than in the Cu matrix around the cathode spots, will
cause Cr2AlC phase evaporation and deliver the vapor pressure,
which will reduce the intercepting values. Comparing the four
kinds of Cu-Cr2AlC composites, the Cu-Cr2AlC composite with a
Cr2AlC volume fraction of 20% performs best, has the lowest inter-
cepting value and arc time, and is less volatile.Cu-Cr2AlC composite materials resistant to breakdown strength
The breakdown process of the Cu-Cr2AlC composites with Cr2-
AlC volume fractions of 10%, 20%, 30%, and 40% in 100 times per
breakdown for breakdown strength is shown in Fig. 6. To avoid
the influence of material surface conditions, 50 times is taken as
the resistance voltage breakdown of average intensity. In Fig. 6,
the basic breakdown process can be divided into two stages. At
the beginning of the voltage resistance, the strength of the com-
posite increases with increasing breakdown number. Then, the
number of breakdowns remains near a numerical fluctuation with
no obvious change. Therefore, in this study, we selected an average
breakdown of 50 times as the voltage resistance strength. As
shown in Fig. 6, the Cu-Cr2AlC voltage resistance strength of the
composite increases with increasing Cr2AlC volume fraction. This
is because, with increasing Cr2AlC content, the particle spacing
decreases, strengthening the Cr2AlC particle reinforcement. Thus,
the hardness of the composite increases gradually. At the same
Fig. 7. Morphologies of Cu-Cr2AlC composite with different volume content of Cr2AlC after arc erosion 100 times.
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layer melts and viscosity increases. After repeated vacuum break-
down, the surface of the sample melts and cools repeatedly, lead-
ing to the flat surface. This increases the voltage resistance
strength of the composite. However, when the Cr2AlC content
increases to 30%, because of the increased volume of the Cr2AlC
particles, cracks and pores develop, resulting in a decline in the
density of the composite material, an increase in the tissue defect
material, composite material increase in the number of air content,
results in a decrease in the ability of the composite materials to
withstand the voltage.
Cu-Cr2AlC composite material breakdown surface topography
The surface morphology of the Cu-Cr2AlC composites with Cr2-
AlC volume fractions of 10%, 20%, 30%, and 40% at 8 kV voltage vac-
uum arc erosion is presented in Fig. 7. The composite material
surface morphology and arc erosion centers are shown in Fig. 7
(a1)–(d1). The corresponding composites after 100 times of regio-
nal arc erosion using three-dimensional topography are shown in
Fig. 7(a2)–(d2). The sample surface is flat after 100 times of arc ero-
sion (Fig. 7(a)). There are erosion pits on the surface of the material,
but no big ablation holes, no obvious traces of spillage of liquid
metal and solidification, and good dispersion. The arcing on the
surface of the material is continuous rather than discontinuousor ‘‘jumping”. Furthermore, there is no big ablation crater and
the surface morphology is better (Fig. 7(a1)). A confocal laser-
scanning microscope image of the composite center area after
100 times of arc erosion, in terms of its three-dimensional mor-
phology is shown in Fig. 7(a2). The composite material surface is
uneven and there is varying degrees of fluctuation in ablation.
The ablation appears in blue at the bottom of the pit, and the red
area is convex on the material surface after ablation. The composite
material with a Cr2AlC volume fraction of 10% after 100 arc abla-
tion showed a maximum depth of 42.2 lm, including the erosion
pit (Fig. 7).
Along with the increase of the content of Cr2AlC, the area of the
composite material was reduced from 1.19 mm2 to 0.93 mm2. As
shown in Fig. 7(a)–(d), the size of the ablation crater gradually
increases and the density of ablation crater depth basic also grad-
ually increases. The red areas in Fig. 7(c2) and (d2) are significantly
greater than those in Fig. 7(a2) and (b2), and the value is bigger.
When the Cr2AlC volume fraction is 40%, the density and depth
of the ablation crater is biggest, including a 72 lm deep erosion pit.
The bump is very serious in material surface, it will cause a dee-
per erosion pit. As shown in Fig. 7, the concentration of arc erosion
will increase the loss on the material surface, which is not con-
ducive to the stability and reliability of the composite materials
under the effect of arcing. This loss will have a great impact on con-
ductive properties of the materials.
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1. With a Cr2AlC volume content of 20%, Cu-Cr2AlC composite
hardness is 94.3HB and the electric conductivity is 41.93%. As
the amount of Cr2AlC increases, however, the hardness
decreases. The conductivity decreases with increasing Cr2AlC
content.
2. Arc erosion ability of the composite materials is best for Cr2AlC
with a 20% volume fraction of composite material after
100 times of arc ablation, having the lowest ablation crater
depth, a small area, and low breakdown class ablation pit
density.
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